Peroxisomes are single membrane-delimited subcellular organelles that carry out numerous vital metabolic reactions in nearly all eukaryotes. Peroxisomes alter their morphology, abundance, and enzymatic constituents in response to environmental cues, yet little is known about the underlying mechanisms. In this work, we investigated the regulatory role of light in peroxisome proliferation in Arabidopsis thaliana. We provide evidence that light induces proliferation of peroxisomes in Arabidopsis seedlings and that the peroxisomal protein PEX11b plays an important role in mediating this process. The far-red light receptor phyA and the bZIP transcription factor HYH are both required for the up-regulation of PEX11b in the light. We further demonstrate that the phyA and hyh mutants exhibit reduced peroxisome abundance, a phenotype that can be rescued by overexpressing PEX11b in these plants. The HYH protein is able to bind to the promoter of PEX11b, suggesting that the PEX11b gene is a direct target of HYH. We conclude that HYH and PEX11b constitute a novel branch of the phyA-mediated light signaling cascade, which promotes peroxisome proliferation during seedling photomorphogenesis.
INTRODUCTION
8 protein (YFP) with a C-terminal peroxisome-targeting signal type 1 (PTS1, consisting of SerLys-Leu). These YFP-PTS1 plants displayed fluorescently labeled peroxisomes as numerous punctate structures in virtually all cell types (Fan et al., 2005; Orth et al., 2007) . Three-day-old YFP-PTS1 seedlings grown in the dark were illuminated with 70 µmole m -2 s -1 continuous white light for different time intervals and scored for obvious alterations in size, shape and abundance of peroxisomes in cotyledon cells with a confocal laser scanning microscope. Dark-grown seedlings exhibited a morphologically heterogeneous population of peroxisomes: most were spherical and a few were elongated (Fig. 1A) . After 0.5h of illumination, a strong increase in the population of elongated peroxisomes was evident (Fig. 1B) . By 2h of light treatment, membrane constriction and organelle fission seemed to have occurred in many elongated peroxisomes, which led to segmentation of the organelles (Fig. 1C) . At 4h and 8h, the number of elongated/segmented peroxisomes decreased, whereas the number of spherical peroxisomes, some of which were still clustered together, markedly elevated (Fig. 1, D and E) . The abundance of peroxisomes did not change significantly beyond 8h of illumination (data not shown). During the course of this experiment, peroxisomes should be going through the transition from glyoxysomes to leaf-type peroxisomes. For simplicity, we use the general term "peroxisomes" to refer to all these organelles in this report.
The number of peroxisomes was quantified using ImageJ software, which has been used in many studies to quantitatively analyze the number and morphology of cells and subcellular structures (Soyombo et al., 2006; Shi et al., 2007) . Since counting peroxisomes at 0.5h and 2h was not feasible due to the significant degree of elongation and reticulation of peroxisomes, we only compared the number of peroxisomes at the following time points: dark, 4h, and 8h light exposure. A significant increase in peroxisome abundance was observed after 8h light treatment: from 2963.9±277/mm 2 in the etiolated seedlings, to 4349±182.8/mm 2 at 4h and 7063.7±736.8/mm 2 at 8h of illumination ( Fig. 1F ; see Methods for details of counting). These data demonstrate a role of light in up-regulating the change in peroxisome abundance via a multi-step process: organelle elongation, constriction, and fission.
PEX11b Plays a Critical Role in Light-Induced Peroxisome Proliferation
As a first step in understanding light induction of peroxisome proliferation at the mechanistic level, we focused our attention on the PEX11 proteins, the only Arabidopsis proteins shown to date to be specifically involved in peroxisome proliferation. Overexpression of each of the five PEX11 isoforms led to peroxisome elongation and population increase to various degrees (Lingard and Trelease, 2006; Orth et al., 2007) , whereas silencing of individual PEX11 genes reduced peroxisomal abundance (Orth et al., 2007) . PEX11b was the prime candidate for a mediator in this process, given that it was the only Arabidopsis PEX11 gene strongly upregulated by light (Orth et al., 2007) .
We examined the kinetics of light induction of PEX11b by RT-PCR with total RNA isolated from 3d dark-grown seedlings exposed to white light for different time periods. The expression level of PEX11b was very low in dark-grown seedlings, but increased steadily after exposure to light, reached its maximum at 4h, and started to drop by 12h ( Fig. 2A) . The kinetics of PEX11b expression in light largely correlated with those of the light-dependent alterations in peroxisome morphology and abundance observed in the YFP-PTS1 plants ( Fig. 1) , implicating a specific role for PEX11b in light-mediated peroxisome elongation and population increase.
This correlation prompted us to examine loss-of-function PEX11b mutants for defects in peroxisome proliferation. To this end, we analyzed YFP-PTS1-expressing RNAi plants generated in our previous study, each having a strongly reduced transcript level of PEX11a, PEX11b, or PEX11e (lines #1, #4, and #7 in Orth et al., 2007) . These lines showed a decrease in overall peroxisome abundance but exhibited no obvious deficiency in plant growth, lipid mobilization in germinating seedlings (evaluated by a sugar dependence assay), or photorespiration, most likely due to functional redundancy of the PEX11 genes (Orth et al., 2007) . After 2h light treatment, significantly elongated peroxisomes were present in the PEX11a and PEX11e RNAi lines, whereas peroxisome morphology hardly changed in the PEX11b RNAi plant (Fig. 2, B to D). arrays. In reference to transcript level in the dark, far-red light conferred the strongest upregulation of PEX11b (2.3-fold), followed by blue (1.7-fold), white (1.5-fold) and red (1.3-fold) light (Fig. 3A) , suggesting that whereas all three wavelengths of light may activate the expression of PEX11b, far-red light appears to play the strongest role.
To identify components in the light signaling pathways responsible for activating PEX11b, we obtained null mutants of various light signaling genes and analyzed light-induced PEX11b expression in these lines using RNA blot and RT-PCR analyses. First, we checked several photoreceptors known to perceive different wavelengths of light during seedling developmentnamely, phyA for far-red, phyB for red, cry1 and cry2 for blue light (lowercase letters are used in the light research field to refer to the holoproteins; Chen et al., 2004) . The light induction of PEX11b expression was strongly decreased in phyA and moderately reduced in cry1 and phyB, whereas no significant changes were detected in cry2 (Fig. 3B) . PEX11b was identified as one of the late up-regulated genes by phyA in previous microarray studies (Tepperman et al., 2001; Hudson and Quail, 2003) . Analysis of the microarray data from Hudson and Quail (2003) revealed that the expression of PEX11b in wild-type seedlings was up-regulated with increasing time of far-red light irradiation, but was diminished in the phyA mutant under the same conditions ( Fig S1) . Thus, the impact of far-red light and phyA on PEX11b expression is substantiated.
To identify phyA signaling intermediates involved in the regulation of PEX11b, we further examined null mutants of several well-characterized players in the phyA signaling pathway, including the novel nuclear protein FHY1, the homologous nuclear proteins FHY3 and FAR1, the GRAS family member PAT1, and the bHLH transcription factor HFR1 (Hudson et al., 1999; Bolle et al., 2000; Fairchild et al., 2000; Desnos et al., 2001; Wang and Deng, 2002b; Duek and Fankhauser, 2003) . After far-red light treatment, the expression of PEX11b in these mutants did not differ significantly from that of the wild type, in contrast to the strongly decreased induction in phyA (Fig S2) . In parallel, we also analyzed mutants of several light signaling components that A partial yet significant reduction in PEX11b expression was detected in the hyh mutant when compared with the other mutants (Fig. 3C ).
Given that the light up-regulation of PEX11b was strongly decreased in phyA compared with in other photoreceptor mutants, and that the light induction of PEX11b was relatively weak in hyh among all the downstream light signaling mutants tested, we further examined these two mutants for possible peroxisome phenotypes. To this end, the YFP-PTS1 marker gene was individually crossed into the phyA, cry1, and hyh mutant background; cry1 served as a control. Confocal microscopic analysis of the YFP-PTS1-expressing mutants revealed a drastic decrease in peroxisome abundance in phyA and hyh but not in cry1, in both germinating seedlings (data not shown) and adult plants (Fig. 3 (Fig. 3H ). These results led us to the conclusion that the far-red light receptor phyA and the bZIP transcription factor HYH may play direct roles in peroxisome proliferation through activating the expression of PEX11b.
We further tested the hypothesis that phyA and HYH promote peroxisome proliferation in light through PEX11b, by overexpressing the PEX11b gene in the phyA and hyh mutants to see whether the peroxisomal phenotype in these mutants could be rescued. We conducted an in vivo 
HYH Interacts with the Promoter of PEX11b
HYH and its homolog HY5 are transcription factors that contain a bZIP DNA-binding domain and play redundant as well as specific roles in gene regulation during photomorphogenesis (Oyama et al., 1997; Holm et al., 2002; Vandenbussche et al., 2007) . The fact that the upregulation of PEX11b expression by light was reduced in hyh but not in hy5 suggests that
PEX11b may be one of the specific targets for HYH.
The promoters of light-inducible genes in plants harbor various types of cis-elements,
collectively named Light Response Elements (LREs), which are bound by transcription factors and mediate light-dependent gene activation (Ueda et al., 1989; Park et al., 1996; Lescot et al., 2002 query. We found a total number of 19 putative LREs (Fig. S3) , including seven GATA-boxes (Lam and Chua, 1989) , six GT1-boxes (Villain et al., 1996) , three I-boxes (Giuliano et al., 1988) , one AE-box (Park et al., 1996) , one ATCT motif (Conley et al., 1994) , and one GGATAA element (Tepperman et al., 2001) . GATA, GT1, and I-boxes are cis-elements commonly existing in light-regulated promoters and shown to be essential for light-controlled transcriptional activity (Tobin and Kehoe, 1994; Terzaghi and Cashmore, 1995; Millar and Kay, 1996) . The GGATAA element frequently occurs in the promoters of phyA-regulated genes (Tepperman et al., 2001) .
Considering that the PEX11b promoter is laden with LREs commonly found in light-responsive promoters, it is possible that HY5 and HYH may differ in their binding affinity to the PEX11b promoter. To test this hypothesis, we performed an electrophoretic mobility shift assay (EMSA).
A DNA fragment containing 200-bp of the PEX11b promoter immediately upstream of the transcription start site (TSS) was used as a probe to determine whether it could be bound by purified HYH-His fusion protein. As shown in Fig. 5A , we detected binding of HYH-His with the DNA probe, which was competed away efficiently with 50 and 100 molar excess unradiolabelled probes. Despite the fact that HYH and HY5 share 88.5% amino acid identity in the DNA-binding domain (Holm et al., 2002) , no interaction was observed between HY5-His and the 200-bp promoter fragment (Fig. 5A ).
To ensure that the recombinant protein HY5-His used in our study was functional in DNA binding, we subsequently tested whether HY5-His was able to bind G-box, an LRE absent from the 200-bp promoter of the PEX11b gene but was shown previously to be bound by both HY5 and HYH (Holm et al., 2002) . Another gel-shift assay was performed with a 23-bp oligonucleotide containing the G-box motif from the RBCS1A promoter (Holm et al., 2002) as the probe. Both recombinant proteins were able to bind to this fragment; a much stronger binding was observed for HY5-His (Fig. 5B) . Although binding of HYH to the G-box was previously shown not to be as strong as that of HY5 (Holm et al., 2002) , this binding was even weaker in our assay. This is possibly due in part to the fact that the full-length HYH, instead of a truncated version (Holm et al., 2002) , was used in our study. Based on these data, we conclude that HYH is able to bind specifically to the PEX11b promoter and therefore is most likely a direct transcription activator of PEX11b in the light.
DISCUSSION
Dark-germinated Arabidopsis seedlings contain maximum activity of the glyoxylate cycle enzyme isocitrate lyase at 3 d, which gradually declines afterwards (P Yang and J Hu, unpublished data). Consistent with this finding, we found more (basal) elongated peroxisomes in the dark-grown cotyledon cells than in adult tissue (observed in our previous studies such as Fan et al., 2005 and Orth et al., 2007) . This observation suggests that peroxisomes divide at a higher rate in 3d seedlings due to the active growth of seedlings at this stage. During photomorphogenesis, as seedlings undergo the transition from heterotrophic to autotrophic growth, organelles involved in photosynthesis and related functions (such as photorespiration) need to develop and genes required in these processes need to be activated. It was suggested that during such a transitional stage, glyoxysomes are converted into leaf peroxisomes by replacement of glyoxysome-specific enzymes with those characteristic of leaf-type peroxisomes (Trelease et al., 1971; Olsen and Harada, 1995) . In this study, we observed in Arabidopsis seedlings peroxisome elongation after 0.5h light exposure, constriction and fission of these organelles at 2h, and a sheer increase in peroxisome abundance at 4h and 8h (Fig. 1) . Therefore, we believe that during seedling photomorphogenesis, a strong increase in peroxisome abundance occurs simultaneously with the import of leaf peroxisomal enzymes into the organelles, in order to meet the high demand of leaf photosynthesis and photorespiration.
Given their sessile nature, plants have evolved a complex web of signaling events to perceive and respond to environmental cues such as light (Chen et al., 2004; Jiao et al., 2007) . Lightregulated plant development is one of the most extensively studied areas in plant biology. As a result, many players in light signaling have been identified through genetic and biochemical means and numerous mutants are available. To this end, we were able to take advantage of the mutant collections and employed molecular, genetic, and cell biological approaches to reveal the signal transduction pathway responsible for light-dependent peroxisome proliferation. PEX11b gene caused deficiency in light-induced peroxisome proliferation. Notably, the number of peroxisomes in 3d cotyledons from the PEX11b RNAi line showed a ~33% (1966.7 vs. 2963.9) decrease from the wild type ( Fig. 1F; Fig. 2H ). This reduction in basal peroxisome abundance was not as dramatic as the decrease shown in 4-week-old mesophyll cells from our previous study (~75% in Orth et al., 2007) , indicating possible tissue-specific functions of the PEX11b gene. Third, the light induction of PEX11b expression was significantly reduced in the phyA and hyh mutants. Fourth, phyA and hyh displayed decreased numbers of peroxisomes, a phenotype that could be rescued by overexpressing the PEX11b gene in these mutants. Lastly, HYH was able to interact with the 200-bp promoter of PEX11b. Based on these results, a new branch of the phyA pathway in seedling development has been identified in which HYH induces peroxisome proliferation by directly activating the PEX11b gene (Fig. 6) . Although null mutants of the photoreceptors cry1 and phyB also exhibited some level of reduction in the lightdependent up-regulation of PEX11b, they showed no obvious peroxisome phenotypes (Fig. 3, and data not shown). Thus, the influence of cry1 and phyB on peroxisome proliferation through PEX11b might be minor compared with that of phyA.
In addition to the identification of PEX11b as one of the late up-regulated genes by phyA in previous microarray studies (Tepperman et al., 2001; Hudson and Quail, 2003) , several early studies in mustard plants also pointed to the role of phyA in the transformation of glyoxysomes to leaf peroxisomes. For example, transient formation of "glyoxyperoxisome" (peroxisomes associated with both lipid bodies and plastids) was observed in cotyledons when mustard seedlings were exposed to continuous far-red light; formation of such functional intermediates of peroxisomes was attributed to a transitional stage from glyoxysomal to leaf peroxisomal metabolism (Schopfer et al., 1976) . The activity of leaf peroxisomal enzymes, such as glycolate oxidase, urate oxidase, and allantoinase, increased in mustard cotyledons after continuous far-red light irradiation (Poucke et al., 1970; Hong and Schopfer, 1980, 1981) . These reports agree well with our finding that phyA plays a key role in the light-dependent proliferation of peroxisomes during the transition from glyoxysomes to leaf peroxisomes in Arabidopsis seedlings.
A previous kinetic study of the action of phyA and phyB showed that phyA was responsible for initiating hypocotyl growth inhibition at the onset of continuous red light. This role of phyA started to decrease after 3 h of irradiation, at which point the phyA protein began to be degraded and the contribution of phyB to hypocotyl inhibition became predominant (Parks and Spalding, 1999) . This finding also correlates with our results, which showed that the expression of PEX11b reached its maximum at 4 h of white light exposure and declined afterwards (Fig. 2) , and supports the view that phyA plays a primary role in the up-regulation of the PEX11b gene during early hours of light exposure (dark-to-light transition) in Arabidopsis seedlings.
As a photoreceptor primarily perceiving far-red light, the phyA protein is mainly cytoplasmic in the dark and translocates into the nucleus after being activated by light, where it interacts with various transcriptional factors to regulate the transcription of far-red light-responsive genes (Wang and Deng, 2003) . However, despite our data showing the significance of far-red light and phyA in regulating peroxisome abundance, we failed to detect obvious reduction in PEX11b expression and any peroxisomal phenotype in several mutants of the phyA pathway, namely, pat1, hfr1, fhy1, fhy3, and far1 (Fig. S2 , and data not shown). It is possible that additional constituents of the phyA pathway not tested in this study are involved in regulating peroxisome proliferation through PEX11b. The proteins examined here may also be redundant in function with each other or with other untested proteins. In partial support of these predictions, FHY3 and FAR1 are closely related in sequence (Hudson et al., 1999; Wang and Deng, 2002b) , HFR1 is a member of the basic helix-loop-helix (bHLH) family known to contain many members (such as the PIFs) with roles in phytochrome signaling (Duek and Fankhauser, 2005) , and PAT1 shares high sequence similarity with several members of the GRAS protein family (Bolle et al., 2000) .
Finally, despite being a less likely scenario, the possibility that phyA regulates PEX11b partially through its cytoplasmically-localized protein pool cannot be completely excluded.
HY5 and HYH are "master" regulators in the light signaling transcription cascades in photomorphogenesis, affecting the expression of numerous downstream genes (Oyama et al., 1997; Holm et al., 2002) . In a recent study using in vivo chromatin immunoprecipitation combined with microarray analysis (CHIP-chip), 3894 putative in vivo binding sites for HY5
were mapped in the Arabidopsis genome. These HY5 binding sites included G box, Z box and its variants, CG hybrid, and CA hybrid (Lee et al., 2007) . Although PEX11b was among the putative target sites for HY5, we found only two G boxes and two CA hybrid motifs present in by PCR analysis to ensure their homozygosity. RT-PCR analysis was also performed to confirm that they were true null mutants.
Seeds were surface sterilized with 20% Clorox and 0.025% Triton X-100, washed 5 times with sterile water, plated on 1/2X MS medium solidified with 0.6% phytagar, stratified at 4°C for 2 d, and subject to 1 h white light treatment to induce synchronous germination. Plates were then kept for 3 d in the dark at 21°C and subsequently exposed to white ( 
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Epifluorescence and Confocal Laser Scanning Microscopy
Epifluorescence microscopy was performed with an Axio Imager M1 microscope (Carl Zeiss) for visualization of the YFP-PTS1 protein (excitation, 500 ± 12 nm; emission, 542 ± 13.5 nm). A confocal laser scanning microscope (Zeiss LSM 510 META) was also used to obtain images of YFP-PTS1 proteins. A 488-nm argon ion laser was used for excitation of YFP and chlorophyll.
Emission filters of 505-to 530-nm band-pass and 650-nm long-pass were used for YFP and chlorophyll, respectively. Images were acquired at 63X.
Peroxisome Quantification
Peroxisome quantification data was obtained from microscopic images analyzed by ImageJ software, using the procedure described by Shi et al (2007) Figure 4 were obtained from six optical sections; each section was 1 µm in depth. Using ImageJ software, the following procedures were performed. First, RGB color images were converted to 8-bit black and white images. Second, the "threshold" function was used to designate the black pixels (peroxisomes) to be counted. Third, the "analyze particles"
function was used to count the number of pixel groups in each image. Peroxisome quantification was performed on 4 to 6 individual images taken from different cotyledon/leaf areas of a plant.
For quantification, a peroxisome having a clearly defined boundary, which means that fission has occurred, was counted as an individual organelle no matter how closely it was attached to another organelle. In contrast, a segmented peroxisome (constricted but no fission has taken place) was considered as a single organelle.
RNA Gel Blot and RT-PCR Analyses
Total RNA was isolated from 3d dark-grown seedlings using the Qiagen RNeasy plant mini prep kit. Total RNA (15µg) was loaded onto the gel and blotted to nylon membranes. The PEX11b probe was derived from a 0.7-kb fragment of the cDNA clone (Orth et al., 2007) and was 32 PdCTP labeled by the random priming kit (Invitrogen). Hybridizations and washings were conducted according to standard protocols (Molecular Cloning, A Laboratory Manual, Cold Spring Harbor Press).
For RT-PCR analysis, total RNA was reverse-transcribed with the Omniscript RT kit (Qiagen).
PEX11b-specific primers At3g47430F (5´-CAGTGATCCGTTTCTTGGCG-3´) and At3g47430R (5´-GGCCAGTTCCTATACCAACC-3´) were used to amplify a 0.43-kb product from PEX11b. UBQ10-1 (5´-TCAATTCTCTCTACCGTGATCAAGATGCA -3´) and UBQ10-2 (5´-GGTGTCAGAACTCTCCACCTCAAGAGTA-3´) from the UBQ10 gene (At4g05320) were used to amplify a cDNA product (~320bp) as a loading control. 
Transient Expression Assay
The Agrobacterium-mediated transient expression assay was performed as described in Wieland et al (2006) . Overnight bacterial cultures of the A. tumefaciens strain C58C1 containing the plasmid of interest were harvested by centrifugation. Cells were resuspended in induction buffer (10 mM MgCl 2 and 150 µM acetosyringone) to an OD 600 of 0.5, and incubated for 2 h at room temperature. The Agrobacteria were then hand-infiltrated into 3-week-old Arabidopsis leaves with a 1ml needle-less syringe. Infiltrated plants were grown for 2 to 3 d in growth chambers before microscopic study of the YFP-fusion proteins was performed.
Electrophoretic Mobility Shift (Gel Shift) Assay
The 200-bp promoter of PEX11b was PCR-amplified from genomic DNA using the primer pair forward (5´-CCGCTCGAGGCACAAATTCTCGGATTTC-3´) and reverse (5´-GCTCTTGTTGTCTCATGTTTTGATATTCAAGCTTGGG-3´). The amplified product was digested with HindIII for 2 h, gel purified, and used for labeling with 32 P α -dCTP.
For binding assay with the G-box, oligonucleotides were synthesized for the G-box sense strand 5´-CCGCTCGAGAATTATCTTCCACGTGGCATTATTCC-3´, and antisense strand 5´-GGAATAATGCCACGTGGAAGATAATTCTCGAGCGG-3´, with an XhoI site at the 5´ end of each oligonucleotide. Equal molar quantities of the two strands were annealed by incubating sequentially at 95ºC for 30 s, 72ºC for 2 min, 37ºC for 2 min, and finally 25ºC for 2 min.
Annealed oligonucleotides were then digested overnight with XhoI, extracted with phenol/chloroform, and ethanol-precipitated. The precipitated pellet was then washed with 70%
ethanol, dried, resuspended in Tris-HCl (pH 8.0), and used for labeling with 32 P α -dCTP.
The DNA-binding assays were performed as described by Yadav et al. (2002) 
